ABSTRACT -The objective of this study was to investigate mRNA by real-time PCR and protein expression by immunofluorescence of the estradiol receptors (ER) in the pineal gland, hypothalamus, pituitary gland, and gonads of yaks (Bos grunniens). The analysis showed that the level of expression of ER mRNA was greater in the pituitary gland tissue than in other glands during estrus. Immunofluorescence analyses showed that ER proteins were located in the pineal cells, synaptic ribbon, and synaptic spherules of the pineal gland. In the hypothalamus, ER proteins were located in the magnocellular and parvocellular neurons. The ER proteins were located in acidophilic cells and basophilic cells in the pituitary gland. In the ovary, ER proteins were present in the ovarian follicle, corpus luteum and Leydig cells. Estradiol exerts its main effects on the pituitary gland during estrus in yak.
Introduction
The yak (Bos grunniens) must be regarded as one of the world's most remarkable domestic animals because it thrives in conditions of extreme harshness and deprivation while providing a livelihood for people (Wiener et al., 2003) . The yak is a typical animal of the Qinghai-Tibetan Plateau and has a seasonal estrus. The breeding season begins in July and ends in March of the Qinghai-Tibetan Plateau, and is regulated by melatonin (Huo and Long, 2014) . Estradiol has a very important role during the breeding season because it is responsible for the health of oocytes and ovarian follicles (Ireland et al., 2009) . Estradiol provides relatively high numbers of follicles, which enhance ovarian function and fertility in cattle (Erickson, 1966; Erickson et al., 1976; Cushman et al., 1999; Taneja et al., 2000; Oliveira et al., 2002; Singh et al., 2004) . However, the mechanisms underlying the inherently high efficiency of estrus and folliculogenesis in yak are poorly understood.
Our objectives were to determine the pathway of action of estradiol in the pineal gland-hypothalamus-pituitarygonadal axis and to measure the level of estradiol in the pineal gland, hypothalamus, pituitary, and gonads during estrus.
Material and Methods
Tissue samples from the pineal gland, hypothalamus, pituitary gland, and ovary of yaks were obtained at the time of slaughter, and were stored immediately in a RNAlater (Omega Bio-tek Inc., Norcross, GA, USA) solution and paraformaldehyde until further use. Samples were collected in a slaughterhouse of Tianzhu County from six female yaks (in estrus) in October 2012, during the breeding season.
Total tissue RNA was extracted using RNAiso Plus (Takara Bio Inc., Dalian, China) and the quality was checked by monitoring the A260/280 absorbance ratio, which was within the 1.9 to 2.0 range by Ultraviolet Spectrophotometer (Eppendorf Bio-tek Inc., Hamburg, Germany). Reverse transcription was performed using the ABI Veriti96 PCR (Applied Biosystems Inc., Carlsbad, AR, USA). Each 10-μL reaction consisted of 2 μL PrimeScript RT Master Mix Perfect Real Time (5×) (Perfect Real Time; Takara Bio Inc., Dalian, China) reagent kit, with 2.0 μL of template RNA, and 6 μL RNase-free H 2 O. The parameters were 37 °C for 15 min and 85 °C for 5 s.
To compare estrogen receptor (ER) mRNA expression in different yak tissues (pineal gland, hypothalamus, pituitary gland, and ovary) during the breeding season, a real-time PCR assay was performed using the SYBR Premix Ex TaqTM II (Perfect Real Time; Takara Bio Inc., Dalian, China) reagent. The 18S was used as a housekeeping gene to correct potential variations in the RNA loading. The primers were designed using the Primer Premier software (version 6.0; Premier Biosoft International, Palo Alto, CA, USA), and were based on the mRNA sequence of ER. The primers used for ER were 5′-GGAAGTGCTATGAGGTTGGAATG -3′ (forward) and 5′-TCCACCGTTCCTCTTGGTTT -3′ (reverse). The primers used for the 18S plasmid were 5′-ACGGACAGGATTGACAGA-3′ (forward) and 5′-TCGCTCCACCAACTAAGA-3′ (reverse).
Real time (RT) polymerase chain reaction (PCR) was performed using the ABI PRISM 7500 Real Time PCR system (Applied Biosystems Inc., Carlsbad, AR, USA). Each 25-μL reaction consisted of 12.5 μL SXBR Premix Ex TaqTM II (2×) (Perfect Real Time; Takara Bio Inc., Dalian, China) reagent kit, 2 μL of the cDNA sample, with 1.0 μL of each primer (10 μmol/L; forward and reverse), and 8.5 μL deionized H 2 O. The PCR parameters were 50 °C for 2 min, 95 °C for 5 min, 95 °C for 10 s, and 60 °C for 30 s. The cycle threshold (Ct) was returned to baseline during each reaction. Based on the melting curve, we determined whether a specific product or a primer dimer was present in the PCR during each reaction.
The standard curves were generated from a standard sample, i.e., a 10-fold serial dilution (from 10 1 to 10 6 ). The standard curve parameter calculations were used to determine the correlation coefficient: R = 0.999, slope = -3.451, intercept = 27.267. Each sample was tested in triplicate.
An immunohistochemical assay was developed to study ER protein expression in yak tissues (pineal gland, hypothalamus, pituitary gland, and ovary) during the breeding season. The tissues were embedded in paraffin and dehydrated. The ER protein expression was analyzed using an SP immunohistochemistry kit (Maixin, Fuzhou, China). The primary antibody was a rabbit polyclone antibody against ER and was used at 1:100 dilutions. Briefly, after deparaffinization, the slides were pretreated with hot 0.02M PBS for 10 min for antigen unmasking and followed by pre-primary antibody peroxidase inhibition. The slides were then incubated with the estrogen receptor antibody at 37 ºC for 2 h.
The relative ER mRNA expressions were analyzed in pineal gland, hypothalamus, pituitary gland, and ovary. The data were expressed as the mean ± SD. The SPSS 15.0 (SPSS Inc., Chicago, IL, USA) software was used to analyze the data. The following statistical model was used: y ij = µ + α i + e ij , in which y ij is the expression measured in the j-th animal of the i-th ER mRNA. Significant differences were determined using protected Tukey test (P≤0.05) after the one-way ANOVA.
Results
During the estrus in the yak, levels of ER mRNA expression were greater (P<0.01) in hypothalamic tissue when compared with pineal and pituitary glands and ovary (Figure 1) . It was also greater (P<0.05) in the pituitary gland and ovary than in the pineal gland. The pineal gland is the main tissue in which melatonin is produced. The ER protein was expressed in the pineal cells, synaptic ribbon (SR), and synaptic spherules (SS) of the pineal gland (Figure 2) . The ER protein expression was detected in magnocellular and parvocellular neurons in hypothalamic tissue during estrus in the yak during estrus (Figure 3) . The ER protein was detected in α cells and β cells of the pituitary gland in the yak during estrus (Figure 4) . The ER protein was detected in ovarian follicles, granular leukocytes and oocytes within the ovary (Figures 5A and 5B) . 
Discussion
The most significant results of the present study demonstrated, for the first time in the yak, that estradiol receptor (ER) mRNA is at the highest level in the hypothalamus and that the ER protein is expressed in the pineal gland, hypothalamus, pituitary, and ovary. It is important to emphasize that the release of gonadotropinreleasing hormone is controlled mainly by the level of estradiol during estrus. The signal of the beginning of estrus is transmitted to the hypothalamus by estradiol. Subsequently, GnRH is released into the hypophyseal portal system from the neurons. In the yak, GnRH stimulates the pituitary and ovary to regulate estrus through FSH, LH, E, and P 4 .
Melatonin is the main factor that initiates estrus during the breeding season of the yak (Huo and Long, 2014) , and is involved in the control of reproduction (DeNicolo et al., 2008; Martinez-Royo et al., 2012) . The ER located SR and SS of the pineal gland (Figure 2 ). Estradiol valerate prevents ovulation by inducing atresia of the potential preovulatory follicle, which is replaced by a healthy large follicle by 14 days post-treatment in dairy cattle (Engelhardt et al., 1989) . A significant positive correlation was found to exist between corpora lutea numbers and each of the ova/embryo parameters and the estradiol levels in estrus (Savage et al., 1987) . The ER mRNA expression is high (Figure 1 ) in the hypothalamus during GnRH release. GnRH regulates the levels of LH and FSH in the anterior pituitary during estrus in the yak, and estradiol increases soluble guanylyl cyclase in the anterior pituitary at this time (Cabilla et al., 2009 ). The neuropeptide pituitary adenylate cyclase activating polypeptide is involved in estrus (Moore et al., 2005) . Estradiol stimulates the formation of gap junctions and proliferation of granulosa cells, and also enhances the action of FSH and LH in the ovary (Bauer-Dantoin et al., 1993; Armstrong and Childs, 1997) . The expression of the gene ESR36 is directly regulated by FSH and LH, while ovarian steroid hormones have a negligible role (Chakraborty and Roy, 2013) .
Taken together, these findings provide important evidence that potentially significant physiological differences exist in gene expression related to estradiol during estrus in the yak. Estradiol acts on the hypothalamus, pituitary, and ovary during estrus and regulates the release of hormones to alter the progression of estrus in this species. Estradiol mainly promotes GnRH release from nerves to the pituitary, and subsequently FSH and LH increase in the pituitary. Finally, FSH and LH play a role in follicular growth, ovulation, and stimulation of ovarian hormone release.
Conclusions
Estradiol mainly enters the hypothalamus to regulate the GnRH, and also acts on the pituitary gland and ovary, where it regulates the hormones produced in the yak of the Qinghai-Tibetan Plateau during estrus.
